The paper presents the evaluation of the performance of various aeroderivative gas turbine models (AGTM) derived from a high bypass turbofan engine (HBTE). The objective of the study is to determine the performance and suitability of the developed AGTM for power generation. Furthermore, the models were specified as Model I (two shafts with FPT), Model II (two shafts with direct-drive LP turbine), and Model III (one shaft with FPT). The useful performance data for the AGTM was generated using the turbomatch simulation code. Additionally, the preliminary design point (DP) performance results estimated the power output and thermal efficiency of Models I, II, and III which ranged between 3.46 ≤ POT ≤ 10.67 MW and 29.8 ≤ th ≤ 38.1% respectively. However, after the preliminary analysis, Model III failed the test based on performance and economic constraint while Models I and II were subjected to further performance study. The analysis indicates that Model II runs into surge at about 72% DP power and would require the installation of bleed valves or variable stator vanes for stability. Hence, 
PUBLIC INTEREST STATEMENT
Aero-engines apart from its application in propelling civil and military aircrafts, it could equally be adapted into aeroderivative models for power generation. The high power to weight ratio and high thermal efficiency has placed them at advantage over the heavy-duty gas turbine generators. Today, there exist two large markets for industrial gas turbines. One for heavy-duty gas turbines designed for land-based applications found in large combined cycle power plants. The other is the light-weighted and compact aeroderivative gas turbines, which operates in simple cycle gas turbine systems. Aeroderivative gas turbine models of the CFM56 high bypass turbofan engine family which is not currently in the market, has been developed for possible industrial application (power generation). Evaluation of the optimum performance of the adapted models at part-load condition has been carried out. The best model has also been suggested to gas turbine manufacturers for possible development.
Introduction
In recent times, the use of aero-engines for power generation is becoming common owing to high efficiency and low emission rate (Abam, Ugot, & Igbong, 2011 , 2012 . The aero-engines apart from its application in propelling civil and military aircraft, it could equally be adapted into aeroderivative models for power generation. The high power to weight ratio and high thermal efficiency has placed them at advantage over the heavy-duty gas turbine (GT) generators (Al-Hamdan & Ebaid, 2005; Bhargava et al., 2009) . Moreover, the application of the first produced aeroderivative GT was for gas pipeline compression (Bhargava et al., 2009; Cohen, Rogers, & Saravanamuttoo, 2009) , which was later extended to peak-load generation (Al-Hamdan & Ebaid, 2005) . Today, there exist two large markets for industrial gas turbines. One for heavy-duty gas turbines designed for land-based applications found in large combined cycle power plants. The other is the light-weighted and compact aeroderivative gas turbines, which operates in simple cycle GT systems.
The available aeroderivative engines include models of GE LM6000 for power generation derived from CF6-80C2 turbofan engine, models of Rolls Royce WR-21 for marine application derived from RR RB211 turbofan engine, and GE LM2500 model derived from CF6 high bypass turbofan engine family (CFM International, 2000) . The CFM 56 HBTE engine family is designed and manufactured by CFM International and entered service in 1993. The engine was designed for long-range flight applications and powers the Airbus A340-211, A340-311 and Boeing 737 aircraft (CFM International, 2000; Gunston, 2005) . Furthermore, the CFM 56 engine has a moderate core size compared to other turbofan engines such as the GE90 (Gilani, Baheta, & Rangkuti, 2009; Gunston, 2005) . The industrial derivative of the CFM 56 engine family does not exist currently in the open market. The objective of the paper is to develop the aeroderivative gas turbine models of the CFM56 engine for possible 
Methodology
The aeroderivative model was created from a high bypass turbofan engine similar to CFM56-5C2 turbofan engine for both takeoff and cruise conditions. The data used for the initial development of the AGTM were validated with existing data in open literature (Bringhenti & Barbosa, 2004; Gilani et al., 2009; Palmer, 1999) before adopting. The design point and off-design (part-load) performance of the AGTM were simulated using turbomatch with the inputs data depicted in Table 1 . However, the performance results were compared vis-à-vis the power output, specific fuel consumption, and thermal efficiency. This was to allow the selection of the best engine model for further investigation. The proposed engine models are described as follows: Model I-two-shaft engine with free power turbine (FPT), Model II-two-shaft engine and a direct-drive low pressure turbine (LPT), and Model III-single shaft engine with free power turbine (FPT).
Model description of the high bypass turbofan engine
The preliminary turbomatch set up model used for the turbofan engine is presented in Figure 1 . This is similar to the engine configuration of the CFM56-5C2 turbofan engine. Each brick represents an engine component which forms the structure of the turbomatch codes (Roux, 2011; Walsh & Fletcher, 2004) . The dotted lines represent ducts by which the air from the core is bled to other components. The system comprises the intake nozzle, Fan, LPC (Booster), HPC, HPT, LPT, the duct, and exit nozzle.
In converting the HBTE into an industrial GT for power generation, the bypass turbofan components were removed and the high pressure (HP) core retained. The objective here is to keep as high commonality with the original turbofan engine so that the HP core of the three industrial configurations could operate under identical conditions, and have same HP core design and geometry. This will minimize the number of parts that need to be redesigned and hence reduce the cost of conversion. Also, less modification from the parent engine means less conversion time which may accelerate the supply chain and, therefore, benefits both the manufacturer and customers.
Thermodynamic approaches
The fundamental thermodynamic equations governing the brick code arrangement for the turbofan engine in Figure 1 are presented. The assumptions in the system control volumes are based on the (Effiom, Abam, & Ohunakin, 2015; Lee, Kang, & Kim, 2011) as presented in Equation (2). Other specific assumptions for the component by component modeling are summarized in Table 2. where, ∊ 1 , ∊ 2 , ∊ 3 , and ∊ 4 are constants.
Thermodynamic balances for the different control volumes

Intake nozzle
Equation (3) defines the isentropic ratio between the total and static pressures at the intake nozzle ( Figure 1 ) as it relates to the Mach number (M n ) (Gilani et al., 2009) . At take-off and cruise conditions, M n is assumed as 0 and 0.8 respectively (Cohen et al., 2009) . Hence the inlet temperature, velocity and pressure conditions are presented in Equations (4) and (5).
where 
The Fan component
The fan inlet conditions ( Figure 1 ) is given by:
Applying the isentropic relationship P − T relation the exit pressure P 3 and temperatureT 3 are well-defined respectively (Effiom et al., 2015) .
Further applying Equation (10) to the engine model in (Figure 1 ) the fan work FW is expressed by:
where ṁ Fan is the mass flow rate of air in the fan.
Low pressure compressor
Low pressure compressor (LPC) inlet conditions: The temperature and pressure at LPC inlet ( Figure 1 ) are equal to the temperature and pressure at the fan outlet.
LPC outlet conditions are established based on the isentropic correlation (Effiom et al., 2015) :
From Equation (13) the work output of the LPC is given by:
High pressure compressor
The inlet conditions of the High pressure compressor (HPC) (Figure 1 ) with assumptions in Table 2 ( Roux, 2011; Walsh & Fletcher, 2004) :
The outlet conditions of the HPC are defined by:
m 5−6 =ṁ HPC in = 0.98 ×ṁ 3−4 ,ṁ 17 =ṁ surge = 0.02 ×ṁ 3−4
(18)
Equation (20) expresses the work output of the HPC while Equations (21) and (22) present the nondimensional flow capacities at inlet and outlet of the HPC respectively.
Combustor
Inlet conditions of the combustion chamber were determined following the energy balance within the control volume (9-10) Figure 1 . From Table 2 , 99.9% was assumed for combustion efficiency and 13% bled air was used for cooling the HPT blades (Nkoi, Pilidis, & Nikolaidis, 2013a , 2013b .
The combustor outlet temperature (COT) is expressed in Equation (25) with 95% of compressed air used for combustion (Lefebvre, 1998; Sethi, 2014) .
Heat input to the combustor is expressed as:
High pressure turbine
In the High pressure turbine (HPT) 13% bled air is used for HPT blades cooling as expressed in Equations (28) and (29) (Nkoi et al., 2013a) The inlet pressure to the HPT and the non-dimensional inlet flow capacity are obtained in Equations (30) and (31) respectively.
Since the HPT drives the HPC and using an HP spool, it implies that the work done by the HPC and HPT is equal. Consequently, the following exit conditions are established.
(19)
m 7−8 = 0.99 ×ṁ 5−6 ,ṁ 22 =ṁ HPT out = 0.13 ×ṁ 7−8
(25)
T cool = 0.13 × T HPC out 
Low pressure turbine
The Low pressure turbine (LPT) drives the LPC and the fan with the help of a low power shaft (LPS). The LPT outlet conditions T 13 and P 13 are thus described (Nkoi et al., 2013b; Safran Snecma, 2011) .
Nozzle duct
Equations (36) to (38) presents the energy balance in the nozzle duct, taking into account temperature, pressure and mass flow rate of the nozzle duct.
Mixed exhaust nozzle
The isentropic ratio between the total and static pressures at the exhaust nozzle are related to its exit Mach number as expressed in Equations (39) and (40) (Cohen et al., 2009; Nkoi et al., 2013b) .
From Equations (41) and (42) the static pressure of the exit nozzle can be determined by:
From continuity equation, the exit exhaust mass flow of the nozzle is defined by:
Where V N is the nozzle exit velocity expressed below:
T 12 = T HPT out = T HPT in − HPCẆ m gas C p gas (33)
m Duct =ṁ 13−14 =ṁ 15 =ṁ gas +ṁ 18
(37)
The area of the mixed exhaust nozzle can be expressed by the following relation (Cohen et al., 2009): where t N is the static temperature of the exit nozzle.
Rearranging Equations (43) to (44) the HBTE thrust produced from the nozzle, and the specific fuel consumption (SFC) of the HBTE can be expressed as in Equations (46) and (47) respectively.
High bypass turbofan engine aeroderivative models development
In converting the High bypass turbofan engine (HBTE) into industrial AGTM for power generation, the bypass turbofan components were removed and the HP core retained. The goal is to keep as high commonality with the original turbofan engine so that the HP core of the three industrial configurations could operate under identical conditions, and have same HP core design and geometry. The latter will minimize the number of parts that need to be redesigned and hence minimize the cost of conversion. Also, less modification from the parent engine means less conversion time which may accelerate the supply chain and, therefore, benefits both the manufacturer and customers.
Model I-Two-spool with a free power turbine model
In Model 1 both the low pressure shaft (LPS) and high pressure shaft (HPS) are retained from the original HBTE with the fan removed. The HPT only drives the HPC while the HPT core is kept identical with that of the HBTE allowing the LPS to rotate faster. The LPT only drives the LPC and modified to reduce the number of stages. A Free power turbine was added downstream to expand the flow to atmospheric pressure and equally extract the remaining energy in the flow to drive the electrical generator. The model schematic and the turbomatch brick arrangement is depicted in Figure 2 (a) and (b).
Model II-Two spool with integrated power turbine on LPS (direct-drive)
In this model, the two shafts configuration was retained from the original HBTE while the free power turbine was removed. The LPS was directly connected to the electrical generator. The rotational speed of the LPS is fixed due to the requirement of the generator to maintain a frequency of 50 or 60 Hz. Hence, the flow is expanded to the atmospheric pressure by the LPT. The model schematic and the turbomatch brick arrangement is depicted in Figure 2 (c) and (d).
Model III-Single-spool with FPT
In Model III, the LPS is completely removed. The core gas generator was retained, and a free power turbine (FPT) was mounted downstream to expand the flow to atmospheric pressure, thus extracting the remaining energy in the flow to drive the electrical generator. The model schematic and the turbomatch brick arrangement is depicted in Figure 2 (e) and (f).
Part-load performance simulation of the GT model with Variable stator vanes or Bleed valves
Part-Load simulation was carried out to investigate if Model II can operate smoothly down to about 50% of its full load with either Bleed valves (BVs) or Variable stator vanes (VSV). For part-load simulation, the COT was used as an engine handle and was varied in order to change the loading condition of the engine, the shaft rotational speed (PCN) of the LP compressor was fixed, while the HP compressor PCN was allowed to vary.
The bleed valves (BVs) schedule was determined by using Turbomatch simulations, in which the surge parameter, Z, is given as an output for each input operating condition (Palmer, 1999) . The combustor outlet temperature (COT) was reduced to simulate the off-design part-load conditions. Bleed valves were set in Turbomatch by the use of a PREMAS (air splitter) brick between the LP and the HP compressors. Conversely, variable stator vanes (VSVs) were set directly into the Turbomatch program by changing the value of the 'VSV angle' brick data item, which is the 'variable geometry' (VA) (Cohen et al., 2009; Palmer, 1999) . The VSV angle was varied in steps of 2 degrees until the final chosen angle of 10° was reached to avoid surge at approximately 50% of full-load power. Table 3 depicts the turbomatch performance simulation results of the HBTE. The results obtained were compared with that in (CFM International, 2000; Palmer, 1999; Roux, 2011; Safran Snecma, 2011) . Additionally, DP simulation results from the created models agreed with values in literature. The errors were specified at 0.5, 3 and 2% for the net thrust, fuel flow, and SFC in that order. Also, the obtained values for the cruise condition compared well with only increase error of 5% coming from the specific fuel consumption (SFC) at cruise condition. Nevertheless, the HBTE model created was realistic and consequently, adopted for the advance of possible aeroderivative models. 
Result and discussion
HBTE simulation results and validation
Results comparison of the aeroderivative models
Off-design result of part load performance for aeroderivative Models I and II
The part-load conditions for the two models are depicted in Figures 3-5 . Moreover, Figure 3 describes the POT at part-load (off design) for varying COT: (i) Model I with FPT (ii) Model II with Power turbine on LPS (VSV -10 degree fixed), (iii) Model II with power turbine on LPS (Normal) and (iv) Model II with power turbine on LPS (BV = 10% fixed). The performance of the GTs models for these scenarios was close at the initial start for increasing COT (Figure 3) . However, at DP, the difference in the POT between Model I with FPT and Model II with Power turbine on LPS (VSV -10 degree fixed) was 17% whereas Model II with power turbine on LPS (BV = 10% fixed) was 10.09%. Similarly, Model I at DP has the same POT with Model II with power turbine on LPS. Consequently, beyond the DP at COT of 1,450 K the difference between Model I with a free power turbine and Model II with power turbine on LPS was 7.14%. The specific fuel consumption (SFC) which ascertains the quantity of fuel consumed by the engine per second to produce 1 MW of power was also used to investigate the performance of Model I and II at part load conditions as presented in Figure 4b . The decrease in SFC is as a result of increase in COT, since less fuel is burnt to achieve optimal power. However, Model II (Normal) runs into surge at increasing SFC above 6.9% and decreasing COT below 1,280 K as a result of decreasing power (part load). The use of 10% fixed BV and 10 degree fixed VSV helped to overcome this effect.
Additionally, a careful study of Figures 3-5. shows that Model I have no surging problems and has a better performance at part load conditions while Model II (Normal) performs well to a point where surging problems occur. An extension from the surge point of Model II (Normal) is detrimental to the compressor. This is because the speed of the LP shaft of Model II is constrained by the speed of the generator. The surging problem on the LP compressor shaft of Model II was then corrected with the use of BVs and VSV fixed at 10% and 10 degrees respectively (see Figures 3-5. ). However, Model II without BVs or VSVs shows a better performance than Model I at conditions higher than the designed load (<110% DP Power) Figure 3 . Nonetheless, the engine runs into surge or upwelling at load conditions below 72% of DP load. At this load condition, the engine may not run effectively except BVs or VSVs are used. For clarity the surge point for Models I and II is depicted on the compressor map in Figure 6 for all the scenarios with compressor rotational speed (CN) range of 70-110%. 
Result of the LP Compressor Bleed valve and variable stator vane schedules for Model II
From Figure 7 , the point where bleed valves need to start opening coincides exactly with the design point (100% loaded). Additionally, at powers >100%, the surge margin becomes >15% and no bleed is needed from the LP compressor. At 100% power, the bleed valve begins to open and at powers ≤100% more bleed is needed in order to keep the surge margin steady at 15% while maintaining the operating point from surging. Figure 8 shows the operating line of the compressor map with scheduled VSV angles of 0° and 10° with constant surge margin of 15%. Before the VSVs begin operation at powers >100%, the operating line follows the constant speed line trend. However, when the VSVs begin operation and the angle is gradually increased, the entire compressor map shifts to the left likewise the operating point at constant speed line.
Conclusion
Aeroderivative gas turbine models for industrial power generation have been developed from a HBTE. Three configurations were obtained from the HBTE. These include (i) Model I-Two-spool with FPT (ii) Model II-Two spool with integrated power turbine on LPS (iii) Model III-Single-spool with FPT. Initial DP results show that the power output and thermal efficiency of the Models I, II and II were approximated at 10.67, 38.4%, 10.60 MW, 38.1% and 3.46 MW, 29.8% respectively. However, Models I and II were subjected to further performance test based on the good initial result at DP. The performance results indicate that Model II runs into surge at about 70% DP load and hence requires BVs or VSVs which may increase production costs while Model I performed well at designed load (<110% DP Power). Also, its commonality with the parent HBTE reduced modification and thus manufacturing costs. For this reasons Model, I-Two-spool with FPT was considered worthwhile for development. Simulated result of Model II without BVs and VSVs showed that operating Model II at a fixed RPM, leads to compressor surging problems of about 70-75% when the generator is offloaded. Therefore, BVs and VSVs have to be installed on the compressors for stability. Finally, with VSVs operating in a scheduled manner, the performance of the Model II is optimized. Therefore, installing BVs and VSVs on the compressor component of a two-shaft direct drive GT system (Model II) will avoid compressor surging problems, regulate the air flow, and maintain operational component stability at low speeds and low power demands. 
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